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Abstract 
Stirred milling is an enabling technology to process low grade finely disseminated ore bodies. 
Besides size reduction, stirred mill has the ability to deliver high energy to particles which facilitate 
crystal structure distortion. High energy stirred milling experiments (up to 300 kWh/t) was carried 
out on chalcopyrite concentrate. The media size, mill speed and slurry % solids were kept constant in 
this experiment. The only operational variable is milling time that results different levels of specific 
energy. The feed and ground particles were characterized for particle size distribution and mineral 
phase analysis (XRD). Mechanochemical effect was quantified by calculating the degree of 
crystallinity, crystallite size and lattice strain. The feed and ground sample undergo leaching test in 
five different lixiviants. The lixiviant chosen were sulphuric acid, hydrochloric acid, nitric acid, ferric 
sulphate and ferric chloride. The minimum particle size and degree of crystallinity obtained were 3.7 
µm and 42% respectively at 113 kWh/t. Ferric chloride exhibits the highest Cu dissolution ( up to 75 
%) when it was ground at 113 kWh/t.  Based on the results, this paper has suggested two circuit 
layouts that may assist mechanochemical effect in order to enhance leaching. Mechanochemical 
effect exhibited during high energy fine grinding enhances downstream processes i.e. leaching. This 
is not taken into consideration when evaluating the efficiency of the milling circuit. In future the 
milling circuit efficiency should take into consideration the reduction in particle size and 
mechanochemical effect during milling circuit efficiency evaluation.   
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1. Introduction 
The mining industry is seeking for improved processes to treat low grade finely disseminated ore 
bodies. This type of ores demands fine grinding to liberate the valuable minerals. Lately, there are many 
concentrators engaged bulk fine grinding in the secondary and tertiary grind stages (Palaniandy et al., 
2014; Palaniandy et al., 2013). Furthermore, there are concentrators that adopted ultrafine grinding to 
further liberate the rougher concentrate. For example, the Mount Isa Mines (MIM), Australia requires 
fine grinding down to 7 µm to feed the zinc cleaner circuit. Conventionally, ball mill was used for this 
purpose but it has limitation to grind finer (below 10 µm) and the energy consumption is tremendous 
for this duty. The limitations of ball mills in the fine grinding regime affected the ability processing of 
fine grained ore bodies (Burford and Clark, 2007). Stirred mills has become a lucrative option in fine 
grinding circuit as it has ability to grind finer at lower energy consumption compared to ball mill 
especially below 100 µm. For example the McArthur River Mine (MRM) deposit was discovered in 1955, 
despite numerous effort by the mining companies to process the ore body none of them were 
successful until the introduction of stirred milling technology in 1989 (Burford and Clark, 2007). This 
technology was previously used for fine grinding of industrial minerals, food and paint (Jankovic, 2003). 
Stirred mills can be classified into two categories i.e. gravity induced (VERTIMILL® Grinding Mill and 
Tower Mill) and fluidized mills (IsaMill™,  VXP  mill,  SMD™ and HIG mill). 
 
Besides size reduction, the high power intensity in the stirred mills (see Table 1) causes intense 
mechanical stressing on particles that leads rupture the crystal structure(Urakaev and Boldyrev, 2000). 
This phenomenon is called mechanochemical effect. Balaz (2008) mentioned that the energy delivered 
by the media to the particles causes significant damage to both, surface and bulk structure of minerals 
which leads to amorphism (decreases of mineral phase crystallinity). The degree of crystallinity is 
quantified using X-ray diffraction by measuring the peak intensity and base breadth. The assumption 
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made in this calculation is the feed material is fully crystalline. The ground particles normally exhibit 
lower peak intensity and broader base which indicates the measured phase has transform to partially 
amorphous phase. The discussion on impact of high intensity grinding that resulting mechanochemical 
effect has been reported in many publications (Achimovicov et al., 2006; Arbain et al., 2011; Balaz, 
2000; Balaz, 2008; Balaz and Dutkova, 2009; Jamil and Palaniandy, 2011; Palaniandy et al., 2007; 
Palaniandy et al., 2008b; Welham, 2001a; Welham, 2001c).This phenomenon is more pronounced when 
the particles were ground to below 10 µm. There are industrial stirred mills that produce product size 
below 10 µm. For example, MIM and MRM are regrinding rougher concentrate down to 7 µm to feed 
the cleaner flotation circuit (Burford and Clark, 2007). These facts have strengthened the needs to 
further study the impact of mechanochemical effect towards downstream processes. Besides its ability 
to grind finer, the stirred mills the capability of steeping the particle size distribution (Burford and Clark, 
2007; Palaniandy et al., 2014). This is an essential characteristic for good leach feed preparation. 
Minimal generation of ultrafine particles (below 1 µm) will avoid the increase in pulp viscosity which 
render leaching kinetics.  
 
There are evidences of mechanochemical effect has enhances the hydro and pyro metallurgical 
processes (Palaniandy et al., 2008a). Among the hydrometallurgical processes that have combined fine 
grinding and mechanochemical effect are Lurgi-Mitterberg (vibration mill), Activox  (stirred mill), Melt 
and Albion (IsaMill) processes (Balaz and Dutkova, 2009). Although these advantages have been 
observed in downstream processes, to date there are no relationship that has been developed to relate 
particle size, mechanochemical effect and its impact towards downstream processes such as metal 
dissolution or leaching kinetics.  
 
The gaps in this area include: 
 Identifying the key operational variables that influences mechanochemical effect, 
 Ability to apportion the amount of energy used for particle breakage and mechanochemical 
effect,  
 Practical methodologies for easily and quickly measuring mechanochemical effect, 
 A standard methodology to measure milling performance in terms of mechanochemical effect, 
and 
 Potential circuit layout that has mechanical activators.  
  
If the above mentioned gaps can be addressed, the mill operator will have more flexibility in controlling 
the stirred mill to balance the particle size and mechanochemical effect for recovery enhancement.  
 
Although fine grinding and mechanochemical effect has exhibits many advantages towards metal 
recovery, there are other operational issues that need to be tackled such as aggregation of fine 
particles. Juhacz and Opoczky (1990) define aggregation as particles weakly associated by a reversible 
Van der Waals type adhesion. Aggregation of ultrafine particles to form large particles is detrimental 
towards leaching. It is not the intension of this paper to address this issue but there are alternative 
steps that can be taken to minimize this effect.  
 
This paper will discuss the impact of fine grinding in a pin type vertical stirred mill and its impact on 
mechanochemical effect and Cu dissolution.  
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2. Materials and Method 
A series of batch mode grinding experiments were carried out in a pin type stirred mills over a range of 
specific energy. The energy range was chosen based on the current industrial mill operation and 
extended into severe mechanochemical effect regime.  The media size, filling, slurry density and mill tip 
speed was kept constant at 10 mm, 40%, 40% and 15 m/s respectively. The energy was varied by 
grinding at 15, 30, 45, 60 and 90 min intervals. Chalcopyrite concentrate obtained from a mineral 
processing plant in Chile was used in this experiment. Figure 1 shows the X-ray diffraction of 
concentrate. The main mineral phases contained in this sample are chalcopyrite, pyrite and bornite. 
Table 2 shows the main elements present in the sample.  
 
The feed and ground samples were characterized for particle size distribution, mechanochemical effect 
and morphology. The particle size analysis was carried out in laser diffraction sizer. The chemical 
composition of the sample was determined by performing X-ray fluorescence (XRF) analysis using 
Rigaku X-ray Spectrometer RIX 3000. The phase analysis and mechanochemical effect quantification 
(i.e. degree of crystallinity (DOC), crystallite size and lattice strain) was determined based on the 
changes observed in the X-ray diffractogram. XRD patterns were evaluated using a BRUKER powder 
diffractometer with Bragg–Brentano geometry equipped with a curved graphite monochromator in the 
diffracted beam arm and using Cu Ka radiation (k = 0.15406). The XRD patterns of the samples were 
recorded in the range 2θ  = 10–700 using a step size of 0.0430 and a counting time of 107.4 s/step. Peak 
positions (2θ) and the full-width at half maximum (FWHM) area under peak (A) were obtained from the 
XRD spectra to characterize the microstructure such as crystallite size, Dm using Scherrer equation, 
lattice strain, and degree of crystallinity (DOC), as shown in Equations 1 -3 respectively  (Arbain et al., 
2011; Pourghahramani and Forssberg, 2006a). The APD Version 4.1 g software was used to obtain these 
parameters, of which the (112), (204) and (312) planes were selected for the profile analysis 
(Palaniandy and Jamil, 2009). 
  
𝐷௩ =
௄஛
ிௐுெ
cos 𝜃      (1) 
where Dv is the volume weighted mean of the crystallite size, K is a constant, h is the Bragg angle of (h k 
l) reflection, and k is the wavelength of X-rays used (Palaniandy and Azizli, 2009; Pourghahramani and 
Forssberg, 2006b). 
 
𝜀 =    ఉ
ସ ୲ୟ୬ఏ
       (2) 
 
where e is the lattice strain, and b is the integral breadths profile(Palaniandy et al., 2008a; 
Pourghahramani and Forssberg, 2007).  
 
𝐷𝑂𝐶 =   ஺೟
஺బ
       (3) 
 
where DOC is the degree of crystallinity, while A0 and At are the areas under the peak for feed and 
ground sample, respectively (Palaniandy and Jamil, 2009). 
 
Morphology analysis was carried out by scanning electron microscope (Model ZEISS SUPRA 35VP). The 
leaching experiment was carried out in bottle rolled for 5 days. Cu and Fe content in the pregnant 
solution was determined using atomic absorption spectroscopy (AAS) 
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3. Results and Discussion 
3.1 Fine grinding 
Fine grinding experiments was carried out in a range of specific energy by varying the milling time as 
shown in Table 3. The current industrial scale stirred mill is being operated up to 100 kWh/t. This 
experimental plan covers that range and extended up to 299 kWh/t in order to evaluate the 
mechanochemical effect and particle size.  
 
Figure 2 shows the particle size distribution of the feed and ground product as a function of specific 
energy. Severe particle size reduction was observed at the beginning stage of grinding. The grinding 
rate reduces after 80 kWh/t. The increase in particle size distribution after 80 kWh/t indicates that the 
ground particles are experiencing aggregations and it re-breaks at 299 kWh/t. Welham (2001a) 
mentioned that the particles are subjected to two processes i.e. breakage and re-welding. At the initial 
stage of grinding, the breakage rate is higher and the re-welding is minor. However, as the milling 
progress the fraction of fines generation is small until the re-welding is greater than breakage rate and 
aggregation forms thereby increase the particle size. Similar experiences were observed in this 
testwork. Aggregation of fine particles may cause by  
 
 sintering or monomer absorption from the surrounding atmosphere can lead to solid state 
necks 
 Chemical bonds between the particles may also form and magnetic dipole forces can also 
potentially contributes to the inter-particulate forces. 
 As a baseline bond energy, van der Waals forces are always present 
 
The ability of stirred mills in steepening the particle size distribution is one of the key advantages of 
stirred mills (as shown in Figure 2) where similar characteristics were observed in industrial scale mills 
(Palaniandy et al., 2013).  It is essential to prepare the particles within the regime that is suitable for 
downstream processes i.e. leachable region. Typically, larger and ultra-fine particles will not respond 
well towards leaching due to insufficient liberation and high pulp viscosity respectively. Furthermore 
they will consume more chemicals which make the process expansive.  Another aspect that needs 
attention is the measure of particle size. Classically, P80 is being used widely to evaluate the 
performance of comminution processes. Based on the particle size distribution shown in Figure 2, P95% 
may be more appropriate measure as the stirred mills are successfully reducing the coarser particles 
(Say P90 – P100). This is an area that JKMRC will conduct further in-depth research.   
 
In order to further explore the particle breakage extensively in the mill, the breakage rate was 
calculated for all the testwork. The breakage rate was calculated based on population balance model 
with the assumption that the mill is a perfect mixer (Napier-Munn et al., 1996). Equation 4 shows the 
population balance model and the breakage rate 
௥೔
ௗ೔
 was calculated from this equation.  
 
 
𝒇𝒊 + ∑ [
𝒂𝒊𝒋𝒓𝒋𝒑𝒋
𝒅𝒋
𝒊
𝒋ୀ𝟏 ] =   𝒑𝒊 +  
𝒓𝒊𝒑𝒊
𝒅𝒊
     (4) 
Figure 3 shows the breakage rate as a function of size for all level of specific energy. The breakage rate 
increases as the specific energy rises. Maximum breakage rate was observed at 42 µm at the initial 
stage of grinding and it reduces to proximity of 28 µm as the grinding progress. The breakage rate 
decreases at 113 and 180 kWh/t due to aggregation of fine particles. Re-breakage of the aggregated 
particles at 299 kWh/t has leads to higher breakage rate. Re-breakage of aggregates takes place in the 
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coarser fraction (+ 22 µm) whilst the finer fraction continue aggregating (based on the reduced 
breakage rate). The decrease in breakage rate at coarser end was caused by the limited ability of the 10 
mm grinding media which does not have enough stressing capacity to break large particles. In the finer 
end, the 10 mm grinding media is too large to break the fine particles which caused reduction in 
breakage rate. The breakage rate curves have successfully exhibit the breakage behavior as the specific 
energy increases.  
 
Figure 4 shows a photomicrograph of ground sample (113 kWh/t) magnified 3000 times. The fine 
particles are aggregated to form larger particles. It confirms that aggregation takes place as milling 
progresses. Aggregation of fine particles can be avoided by using dispersing agent. Although the usage 
of dispersing agent is not common in mineral processing but it is a potential area that needs to be 
further researched as the grind size is becoming fine. 
 
Span value is used to quantify the steepness of particle size distribution. Equation 5 shows the formula 
to quantify span value. Figure 5 shows that the span values as the grinding progress. At the initial stage 
of grinding, the span value reduce drastically and start increasing as the agglomeration takes place.   
 
𝑺𝒑𝒂𝒏 =  𝑷𝟗𝟎
𝑷𝟏𝟎
        (5) 
Specific surface area (SSA) is a better measure compared to particle size in fine grinding as most of the 
surface area is being generated by fines. The concept of new generation of - 5µm (%P5µm - %F5µm) is 
used as a proxy to creation of new surface area created. Figure 6 shows the generation of new – 5 µm 
as a function of specific energy. The marker of 5 µm was chosen in this study as this marker ranges 
between 20 – 80 % in all particle size distribution.  
 
This plot can be used to evaluate the efficiency regime for a mill to operate in a known operating 
condition. If the mill is operating efficiently, the amount of fines generated will increase linearly as 
specific energy raises. In the case of the mill reaching the limit with current operating condition, the 
gradient will decrease as shown in Figure 6 (after 100 kWh/t). The gradient of the graph is dependent 
on the ore characteristics and milling condition.   
 
In the current experimental work, the mill has reaches its grinding limits after 80 kWh/t, thus indicated 
by the reduction in new – 5 µm particles. There are several reasons that the mill reaches its grinding 
limits, i.e. 
 
 The media used in this testwork are mono size media. Typically, larger media is used to break 
the coarse particles and smaller media is used to break fine particles. After reaching certain 
particle size, the mono size media is not efficient to break the fine particles. There are many 
examples that gradient of media charge is essential for grinding. Based on the previous test 
work carried out at JKMRC, Figure 7 shows the new generation of – 25 µm using two types of 
media in ball mill. The results shows that the gradient charge is more efficient compared to the 
mono size media.  
 As the test work was carried out in batch mode, accumulation of fines in the mill may adjust the 
slurry viscosity (which was not measured during the experiment). Once the slurry become too 
viscous, the grinding media movement will be limited and that will limit the grindability in the 
mill.  
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The efficiency of the mill can be improved by using gradient media and introducing dispersing agent to 
reduce the slurry viscosity. These two factors will be further researched  at   JKMRC  under   the   ‘Global  
Best Practice in Stirred  Milling  Technology”  program  at  JKMRC.    
 
Figure 8 shows the P80 as a function specific energy. Several data point from operating industrial mill 
has been plotted in this graph to show that this testwork regime is valid. It should be noted the 
industrial mill data point origin from various types ores and operating system. It should be only used as 
a guide to obtain an overall picture of operating regime. As mentioned previously, the reduction rate 
was drastic in the beginning stage and decreases as the grinding progress. A power model was fitted to 
the experimental data. The test work results follow a similar trend to the industrial mill data. Generally 
industrial mills are operated between 10 and 100 kWh/t including several sites that grind to P80 size 
below 10 µm.  
 
3.2 Mechanochemical effect 
 
This section will focus on the mechanochemical effect of chalcopyrite. There has been many published 
work mentioning the advantage of mechanochemical effect on the downstream processes i.e. leaching 
and smelting. None of these work has decouple the effect of particle size and mechanochemical effect 
on the enhancement of downstream processes. Although the outcomes in this paper do not fully 
successful in decoupling these two aspects, there are some preliminary results that shows 
mechanochemical enhances the dissolution of Cu. Figure 9 shows the X-ray diffractogram of the feed 
and ground sample. Typical observation of mechanochemical effect such as reduction in peak intensity 
and diminishing of minor peak were observed. No new peaks emerge implying that there is no 
substantial new phases occur within the testwork regime. The pyrite and chalcopyrite peaks are marked 
as P and C respectively. Peak weakening and broadening indicates crystallite size refinement.  
 
The reduction in the peak intensity of chalcopyrite is more than pyrite indicating mechanochemical 
effect is more pronounce in chalcopyrite phase. The differences in hardness between these minerals 
may influence the structural distortion.  The hardness of chalcopyrite is 3.5 – 4 on Mohs scale whilst 
pyrite hardness is 6. Moreover chalcopyrite has a prefect cleavage at [112] plane whilst pyrite has poor 
cleavage at [001] plane. Therefore, chalcopyrite undergoes more structural distortion compared to 
pyrite.  The mechanochemical effect was quantified based on the degree of crystallinity, crystallite size 
and lattice strain. 
 
Figure 10 shows the degree of crystallinity of chalcopyrite as a function of specific energy for three 
different planes i.e. [112], [204] and [312]. Chalcopyrite was chosen as the phase for this analysis as it is 
the mineral of interest in this testwork. The results shows that there are differences in the reduction of 
DOC for the [112], [204] and [312] planes. Chalcopyrite has indistinct cleavage at the [112] plane. This 
cleavage facilitates the preferential rupture of this plane compared to other planes. This argument 
supports the observation that [112] experience more structural distortion compared to other planes. A 
power model was fitted to the experimental data. Generally the degree of crystallinity reduces as the 
grinding progresses. Similar to particle size reduction (as shown in Figure 8), the structural distortion 
was pronounce at the early stage of grinding but reduces as the grinding progress. The reduction in 
structural distortion intensity was observed as the mill reaching its grinding limits. This observation only 
takes place in wet grinding condition. In dry milling condition, the P80 may not reduce but the 
structural distortion will further continue until all phases becomes amorphous, phase transformation or 
occurrence of new phase (Arbain et al., 2011; Balaz and Dutkova, 2009; Mahadi and Palaniandy, 2010; 
Welham, 2001b).  The mechanochemical effect is usually pronounced when grind size (P80) is less than 
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10 µm. This statement is qualified with the condition that the intensity of mechanochemical effect 
highly depends on ore mineralogy and stress regime in the mill. Figure 10 also shows the industrial 
stirred mill operating regime. The graph indicates that structural distortion may take place within the 
operating regime of production mill. As mechanochemical is proven to enhance subsequent 
downstream processes such as leaching, flotation – the typical grinding efficiency that only includes size 
needs to be revisited.   
 
Similar observations are apparent in Figure 11 for crystallite size where it reduces as the milling 
progress whilst the lattice strain increases. It is interesting that the lattice strain and crystallite size 
were not affected by reduction of milling efficiency. The ground material has reached almost constant 
P80 and the amount of 5 µm particles where the energy transferred to the material (above 113 kWh/t) 
is mainly used for the mechanochemical effect. Juhacz and Opoczky (1990) mentioned that after the 
particle reaches the grinding limit (due to the grinding environment), there will be a transition from 
brittle to ductile phase. At this point, there will be minimal size reduction and energy will be used to 
rupture the crystal structure in the particles. Furthermore some part of the energy will be stored in the 
material. Juhacz and Opoczky (1990) stated that 3.7 % of the energy in vibration mill is used for phase 
transformation besides the major portion that are lost as heat, noise and mechanical losses.  Although 
the P80 remains constant, continuous impact of media on the particles affected the crystallite 
structure. The crystals are highly stressed that leads to alteration in the crystallite size. Furthermore, 
the strain in crystal increases. If the testwork is carried out at much higher specific energy, it is believe 
that the chalcopyrite and pyrite phase will convert to amorphous. This has been the case in many dry 
grinding testwork.  
 
 
3.3 Dissolution of Cu and Fe 
As mentioned earlier fine grinding and mechanochemical effect has positive impact on the down steam 
processes. It is not the intention of this paper to conduct thorough hydrometallurgical performance but 
simply to evaluate and proof the positive impact of those aspects on Cu leaching. A bottle roll leaching 
testwork was carried out using five different lixiviant. They are HCl 2.0 M, H2SO4 2.0 M, HNO3 2.0 M, 
FeSO4 1.0 M and FeCl3 1.0 M. As chalcopyrite has slow leaching kinetics in ambient temperature and 
pressure, the leaching experiment was carried out for prolong period – 5 days. Four grams of feed and 
ground samples were leached with 40 ml of lixiviant. The ground sample at 80 kWh/t (DOC = 51.6%) 
was chosen for the leaching testwork. These lixiviants were chosen based on the typical usage in many 
published testwork.  Table 4 shows the advantage, disadvantages and typical pricing of the lixiviant.  
 
Equations 6 – 10 show the overall reaction of sulphuric acid, hydrochloric acid, nitric acid, ferric chloride 
and ferric sulphate respectively. The details explanation of the reactions is being explained in other 
literatures (Cai et al., 2012; Koleini et al., 2011; Li et al., 2013; Lu and Dreisinger, 2013; Yoo et al., 2010).  
 
CuFeS2 + 4 H2SO4 →  CuSO4 + FeSO4 + 2S + 2 SO2 + 4 H2O    (6) 
 
CuFeS2 + 3Cu2+ + 4Cl- ↔  4CuCl  +  2S
0 +Fe2+      (7) 
 
CuFeS2 + 5H
+ + 5/3 HNO3 = Cu
2+ + Fe 3+ + 2S ° + 10/3 H20 + 5/3 NO   (8) 
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CuFeS2 + 4FeC13 = CuCI2 + 5FeCI2 + 2S
0    (9) 
 
CuFeS2 + 2 Fe2(SO4)3 = CuSO4 + 5 FeSO4 + 2 S
0       (10)                                        
Comparison of Cu and Fe dissolution capability by various lixiviant is shown in Table 5. The nitric acid 
and ferric sulpahte shows high Cu dissolution in original state (feed sample without mechanical 
activation) as they are good oxidizing agent. Generally the ground samples shows higher dissolution 
compared to the feed. There are two aspects underlying in the enhancement of leaching kinetics. They 
are the size and mechanical activation effect. Although all lixiviant exhibit positive impact on metal 
dissolution, their capabilities vary. Figure 12 shows the increase in Cu and Fe dissolutions in after 
grinding. Ferric chloride achieved the highest increase in Cu dissolution (25.1%) indicating that size 
reduction and mechanochemical effect has positive trend. Although ferric sulphate shows highest 
dissolution both in feed and ground product, the increase is only 5.7%. The acids shows an increase 
between 8 -10 % after mechanical activation. Similar observation was exhibited for Fe dissolution 
where there is increase in Fe dissolution after activation. Sulphuric acid shows the highest increment by 
34.4%. These results conclude that mechanical activation has positive impact on the downstream 
processes but the intensity of enhancement depends on the types of lixiviant. These preliminary results 
has created opportunity to further study the behavior of leaching kinetics on mechanically activated 
particles in various lixiviant.  
 
These evaluations were done without decoupling the size and mechanical activation aspect. As the 
energy consumption is high and raise exponentially when grinding in this regime, it is essential to imply 
only adequate amount of energy for size reduction and mechanical activation for maximum 
enhancement of leaching kinetics.  
Figure 13 shows the XRD of the leached residue. Among the important observation with the leached 
residue are; 
 Diminishing of minor phases such as bornite and cubanite after ferric sulphate leaching. This 
lixiviant strongly attacked the particles and leaches the activated minor phases. 
 Preferential leach in certain planes. As mentioned in previous section, chalcopyrite has distinct 
cleavage at [112] plane. The lixiviants preferentially leaches this plane due to exposure.  
 Ferric chloride and sulphate leach strongly compared to sulphuric, hydrochloric and nitric acid. 
This was observed by comparing the [112] plane intensity. Increase in [204] plane peak 
intensity was observed for the samples leached with hydrochloric and sulphuric acid. Increase 
in the peak intensity indicates that smaller particles which are reactive have been removed and 
the leached residue contained larger well crystalline materials. In the case of ferric chloride and 
sulphate, the strong attack diminishes the [204] plane which lead to reduction of peak intensity.  
 Minor  peak  of  pyrite  and  chalcopyrite  was  observed  at  2θ  of  790 (as shown in Figure 13). The 
peak intensity of these minor peaks becomes pronounce in leach residue. The increase in the 
peak intensity may due to exposure of well crystalline particles at that particular plane after 
leaching of fine activated particles.   
  
Based on the above mentioned findings, the bottle roll leach experiment was conducted with ferric 
chloride on another two ground samples i.e. 80 and 113 kWh/t samples. These samples were chosen 
for further leaching test as their specific energy is within the regime of operating industrial mills. Figure 
14 shows the Cu dissolution as a function of specific energy. An increase of 25% was observed at the 
initial stage of grinding but the rate reduces as the grinding progress when the specific energy increased 
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from 40 to 80 kWh/t. The particle size reduces from 8.74 to 3.85 µm in this stage. The P80 of particles 
ground at 80 and 113 kWh/t is almost similar. The increase in specific energy is used to activate the 
particles. The degree of crystallinity reduces from 51 to 46 %. The Cu dissolution increased by 11%. 
These preliminary results has quantify that 5% reduction in degree of crystallinity will increase the Cu 
dissolution by 11%. Although the Cu dissolution seems to be substantial the increase of specific energy 
by 33 kWh/t is considered enormous in real operation. An economic trade off study is essential to 
evaluate the viability of this process in the mineral processing circuit.      
 
4. Impact in the processing circuit 
This test work successfully demonstrates that the mechanochemical effect does take place in the 
regime where industrial stirred mills are operated and contributes towards enhancing the subsequent 
downstream processes. While it is usual to consider grinding energy consumption only in the context of 
size reduction, this work shows that size reduction and mechanochemical effect takes place 
simultaneously in the mill. After being imparted with certain amount of energy, the material has 
tendency to change from brittle to ductile phase. Mechanochemical effect is predominant in the ductile 
stage with minimal breakage. It is believed that the particles has reached ductile phase after 100 kWh/t 
where mechanochemical effect is more predominant than size reduction.   Energy consumed by the mill 
is being utilized for both processes alongside of other ambient losses in terms of noise, heat and 
friction. Furthermore these results indicate that mechanochemical effect has positive impact towards 
the downstream processes i.e. enhancement of Cu leaching in this case. 
 
Therefore, mill performance evaluation should include process benefits due to the mechanochemical 
effect will further increase the efficiency calculation of the mill performance.  The next stage of 
challenge is to separate the energy consumed for particle breakage and mechanochemical effect. This 
will enable the mill operator to develop circuit control philosophy for improved recovery at lower 
specific energy by tweaking the particle size and mechanochemical effect. 
 
In order to put these outcomes in reality, development of potential circuit layout and identifying the 
potential operating variables are the key to bring this concept to the next level.  Figure 15 shows the 
typical circuit layout of a concentrator prior to leaching. The focus on new circuit development will be 
on the regrind section and cleaner product. Typically high speed stirred mills i.e. SMD, IsaMill, VXP and 
HIG mill are installed for regrind duty. The main objective of regrinding section is to prepare the feed 
for cleaning stage by enhances liberation. The cleaning stage will further remove the gangue minerals 
to improve the concentrate grade. The cleaner concentrate will be sent to downstream processes i.e. 
leaching or smelting. Prior considering the modification of circuit layout, operating sites with stirred mill 
should access the mill feed and product to quantify the mechanochemical effect. This is relatively low 
cost exercise by sampling of the mill feed and product and characterized it through XRD 
 
There are two potential circuit layouts that can be considered as shown in Figures 15 and 16. In the 
typical circuit, the sites can install more power in the regrind mills and send finer product to cleaning 
stage. The availability of current technology that enables flotation of fine particle will improve recovery 
in cleaning stage. The key issue here is to tweak the cleaning stage operating condition to cope with 
finer particles. There are several examples where the high energy stirred mills were installed in regrind 
duty to produce P80  below  10  µm   i.e.  McArthur  River  Mine  has   installed   IsaMill™   in   regrind  duty   to  
achieve P80 of 7 µm for cleaner circuit feed. This can be done by installing more power in the regrind 
duty.  
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The second option is suggesting mechanical activation of cleaner concentrate by installing a high energy 
stirred mill in the circuit (open circuit configuration) prior to the leach process. The high energy 
delivered by the mill will enhance activation of particles leads to improvement in metal dissolution. A 
typical   example   for   this   option   is   installation   of   SMD   at   Cowal   Gold  Mine,   Australia   and   IsaMill™   at  
Kumtor Gold Mine in the Kyrgyz Republic (Burford and Clark, 2007; Davey, 2006). Cowal Gold mine has 
installed two SMDs for ultrafine grind duty to reduce the leach feed to 15 µm. Kumtor Gold has 
installed M10000 IsaMill to produce P80 of 10µm leach feed. These fine grinding mills installation can 
be used as mechanical activators by drawing more power for activation.  
 
As the regrind and ultrafine grind stages treats smaller throughput, compared to the front end circuit, 
these circuit layout recommendations may be economically viable. For example, the fine grinding mills 
at Cowal and Kumtor are treating 90 and 65 tph materials in open circuit configuration. Based on the 
experimental results, the minimum particle size with 51.6 % degree of crystallinity was achieved at 80 
kWh/t. In order for the site to achieve this specific energy, they need to install 7.2MW either in the 
regrind duty or leaching preparation stage (Figure 16).  
 
 
The operational variables that influence size reduction and activation needs to be identified. Higher 
power draw in stirred mills can be achieved by media addition or increasing the mill speed (if the motor 
has variable speed drive). The latter option is more preferable (although it needs exorbitant capital 
cost) as it enables the operator to control the mill power as needed. Adding and dropping the media to 
control mill power draw is not a viable option on site as it involves safety procedure and resources.  
 
Based on the previous research (mainly focusing on particle size reduction), the key operational 
variables identified for stirred milling circuit are power draw, circuit throughput, feed size, ore 
characteristics, media size and viscosity. Optimizing these operational variables will maximize energy 
usage for particle size reduction and mechanical activation.  
 
5. Conclusion 
 
Based on the laboratory stirred milling testwork, the ground particles exhibit the occurrence of 
mechanochemical effect. The testwork was conducted within the current operating regime of the 
industrial scale mill (up to 100 kWh/t) and further extended to 300 kWh/t to evaluate its impact on 
mechanochemical effect. The results clearly indicate that mechanochemical effect is occurring within 
the current operating regime of the industrial scale stirred mill besides size reduction. There is a strong 
necessity of decoupling the energy use for particle size reduction and mechanochemical effect for 
better mill control and energy utilization. The mill has reaches its grinding limit based on the chosen 
operating condition. At this stage, the size reduction rate is minimal but the mechanochemical effect is 
increasing. The bottle roll leaching test has shown that mechanochemical effect has further enhanced 
leaching kinetics besides the particle size effect. Although high energy fine grinding has shown positive 
impact towards fine grinding, aggregation of fine particles due to high surface energy can be 
detrimental towards the downstream processes i.e. flotation and leaching. The use of dispersing agent 
might be the way forward to minimize fine particle aggregation and increase in pulp viscosity. Based on 
this testwork, there are two circuit options that are being proposed for using stirred mills to favor 
mechanochemical effect. The first circuit layout is proposing to enhance the grinding power in the 
regrind mill whilst the second circuit is to install a high energy stirred mill to leach feed. These circuits 
option needs further studies for its practicality and economics. Although this testwork does not fully 
address the gaps mentioned earlier, it has demonstrated that mill specific energy is one of the main 
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driver of mechanochemical effect. The X-ray diffraction method is a useful method to determine and 
quantify the mechanochemical effect. There are other methods such as infra-red spectroscopy method 
which can be adopted for quick analysis in the mineral processing plant.   Inclusion of mechanochemical 
effect in mill performance evaluation, together with size reduction will be a game changer in 
comminution energy evaluation especially for fine grinding devices.  
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Figure 1: X-ray diffraction of concentrate 
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Figure 2: Particle size distribution of feed and grind sample 
  
 
 
Figure 3: Breakage rate as a function of specific energy 
 
 
Figure 4: Photomicrograph of ground sample - 113 kWh/t 
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Figure 5: Span value (P90/P10) as a function of specific energy 
 
 
 
Figure 6: New generation of – 5 µm as a function of specific energy 
 
 
Figure 7: Effect of mono size and gradient media as a function of specific 
energy(Anon, 2013) 
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Figure 8: P80 as a function of specific energy 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: X-ray diffractogram of feed and ground sample – (C – 
chalcopyrite, P – Pyrite, B - Cubnite) 
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Figure 10: Degree of crystallinity of chalcopyrite as a function of specific 
energy 
  
 
 
 
 
Figure 11: Crystallite size and lattice strain as a function of specific energy 
 
 
 
 
 
 
Figure 12: Increase in dissolution rate after milling 
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Figure 13: XRD of leached residue (P – Pyrite, C- Chalcopyrite, B- Bornite, 
D-Cubnite) 
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Figure 14: Cu dissolution of feed and ground product 
  
 
 
 
 
Figure 15: Typical concentrator layout prior to leaching 
 
 
Figure 16: Typical circuit with addition of high energy stirred mill 
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Table 1: Power intensity of grinding mills 
Mill type Power intensity (kW/m3) 
Regrind ball mill 19 
Stirred Media detritor 
(SMD) 
150 
IsaMill 400 
VXP mill 240-765 
HIG mill 100-300 
 
 
 
Table 2: Chemical composition of chalcopyrite concentrate 
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Composition SO3 CuO Fe2O3 SiO Al2O3 
 (Wt %) 41.0 23.0 21.0 8.7 4.0 
 
 
 
Table 3: Range of specific energy  
Time (min) 0 15 30 45 60 90 
SE (kWh/t) 0 40 80 113 180 299 
 
 
 
Table 4: Advantages and disadvantages of lixiviant 
Lixiviant HCl H2SO4 HNO3 FeSO4 FeCl3 
Advantages Higher leaching 
kinetics than 
sulphuric acid.  
Relatively 
benign with 
regards to 
material of 
construction 
 
Compatible with 
recovery of 
copper by 
conventional 
electrowinning 
from 
concentrated 
sulphuric acid-
copper sulphate. 
 
Inexpensive and 
commonly 
available as a 
byproduct from 
copper smelters 
that are very 
often nearby.  
 
  
High leaching 
kinetics 
simplicity of the 
leaching 
chemistry 
 
low investment 
costs and higher 
copper recovery 
by following 
processes 
including 
solvent 
extraction and 
electro-winning 
 
Faster kinetics 
at atmospheric 
condition 
 
 
 High dissolution 
rates enable the 
use of smaller 
solution 
volumes in 
subsequent 
steps 
 
easy 
oxidation of 
sulfides; 
reduced energy 
consumption 
step due to 
utilization of 
one electron per 
atom of copper 
formation, 
rather than two 
in most 
electrowinning 
operations; and 
conversion 
from water 
hydrolysis to 
ferric ferrous 
half-cell 
reaction, which 
reduces cell 
voltage. 
 
 
AC
CE
PT
ED
 M
AN
US
CR
IPT
ACCEPTED MANUSCRIPT
 
Disadvantages Higher cost 
Slow process 
 Higher cost Kinetics of 
chalcopyrite 
decline with 
time in acidic 
sulfate media 
which is arising 
from the 
passivation of 
mineral surface 
by elemental 
sulfur. 
 
 need for special 
construction 
materials due to 
the corrosive 
nature of 
chloride 
solutions 
 
Dissolves iron 
$/ton 200-250 200-300 400-500 450 250 
 
 
  
Table 5: Cu and Fe % dissolution various lixivant 
  Lixiviants 
    HCl H2SO4 HNO3 FeSO4 FeCl3 
Cu 
  
Feed 39.7 39.6 51.6 58.5 35.9 
Ground 49.5 48.7 58.1 64.2 61.0 
Fe 
  
Feed 18.9 16.2 26.7     
Ground 39.5 50.6 30.1     
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Highlights 
High energy stirred milling induces crystal 
structure distortion 
Mechanochemical effect increases Cu 
dissolution by 25% after fine grinding.  
Two circuit layouts has been proposed for 
mechanochemical enhanced leaching 
